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Abstract
Focusing on the four major high carbon emission industries of steel, non-ferrous, chemical industry and
building materials, through research and analysis, four low carbon strategies, i.e., green hydrogen/green
electricity substitution, raw material/product structure adjustment, process flow re-construction and
digital intelligence, are proposed. Combining the current status and the trends of technology development
in different industries, a number of advanced low-carbon technologies are suggested, key scientific and
technological challenges to be solved are condensed, and suggestions and initiatives to accelerate the
application of new technologies and industrial transformation and upgrading are proposed, with a view to
providing support for low-carbon and green industrial development.
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Abstract: In view of the four major high carbon emission industries of steel, non-ferrous metal, chemical, and
building material production, four low carbon strategies, i.e., green hydrogen/green electricity substitution, raw material/product structure adjustment, process flow reconstruction, and digital intelligence are proposed through research and analysis. On the basis of the current status and the trends of technology development in different
industries, a number of advanced low-carbon technologies are suggested, and key scientific and technological challenges to be solved are condensed. Suggestions and measures to accelerate the application of new technologies and
industrial transformation and upgrading are proposed, with a view to providing support for low-carbon and green
industrial development. DOI: 10.16418/j.issn.1000-3045.20220322002-en
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Carbon neutrality is a major national strategy, and industrial carbon neutrality is the top priority for China to achieve
the 30–60 goals. In January 2022, General Secretary Xi
Jinping pointed out in the 36th Collective Study Session of
the Politburo of the Chinese Communist Party that great
efforts should be made to promote the optimization and upgrading of traditional industries such as steel, non-ferrous
metal, petrochemical, chemical, and building material production, and to accelerate low-carbon process innovation and
digital transformation in industrial sectors. China has strong
industries, and its industrial output accounts for about 30% of
the world’s total. Among Chinese industries, steel, non- ferrous metal, chemical, and building material production account for about 20% of gross domestic product (GDP) and
about half of the national industrial output. Meanwhile, industrial sectors represent a major source of carbon dioxide
(CO2) emissions, accounting for about 39% of China’s total
carbon emissions (excluding indirect emissions from industrial electricity consumption) ① . Industrial carbon emission
reduction is a challenging task and urgently requires systematic transformation from theories to technologies.
In this paper, based on the investigation and analysis of
energy use and carbon emissions in different industries in
China, we proposed four low-carbon strategies, including
green hydrogen/green electricity substitution, raw material/product structure adjustment, process reconstruction, and
digitization/intellectualization. We also discussed the current
status and trends of industrial carbon neutrality technologies,

listed some key green and low-carbon transformative technologies under development, provided suggestions and
measures, and prospected the future of industrial carbon
neutrality.

1 Status of industrial carbon emissions and
low-carbon technologies
Industrial carbon neutrality is not an isolated but a systemic project (Figure 1). It involves not only indirect CO2
emissions from industrial energy (heat and electricity) consumption but also direct CO2 emissions from the processing
and transformation of industrial raw materials. The industrial
process is complex and includes huge material and energy
flow systems. Various industries usually operate independently or with limited integration. Therefore, efforts
should be made in the following three aspects to achieve
industrial carbon neutrality. (1) The current industrial development model with high material consumption, high energy consumption, and high carbon emissions should be
changed. For example, green hydrogen/green electricity can
be used to replace the existing energy supply system based on
fossil resources, and raw material/product structure can be
adjusted to achieve low-carbon upgrading of the traditional
industrial development model. (2) Theoretical innovation and
original technological breakthroughs need to be strengthened. A new generation of green, low-carbon, and trans
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Figure 1

Industrial carbon neutrality systems

formative technologies should be developed through technological innovation, industrial structure adjustment, and
process reconstruction. (3) Great emphasis should be placed
on the study of integrated technologies for the coordination
and coupling between steel, non-ferrous metal, chemical, and
building material industries for carbon reduction, as well as
the study of green, low-carbon, intelligent, and digital
technologies.

1.1

Low-carbon technologies in the steel industry

China is the largest producer and consumer of steel in the
world. In 2020, the crude steel production in China was
around 1.06 billion tons, accounting for about 57% of the
world’s output. The total energy consumption was around
580 million tons of standard coal, accounting for about 11.6%
②
of China’s total energy consumption . The CO2 emissions
totaled about 1.45 billion tons, with 1.23 billion tons of direct
emissions (excluding indirect emissions from the industrial
electricity consumption), accounting for around 15% of the
national carbon emissions. Therefore, steel production is
among the high-carbon emission industries in China.
Ironmaking in China is dominated by a blast furnaceconverter long process, and blast furnace ironmaking accounts for about 74% of the total carbon emissions. Carbon,
as a reducing agent and heat source, produces a large amount
of CO2, and thus the key to reducing emission comes to raw
material substitution and process transformation. In addition
to industrial structure adjustment and decreased demand with
social development, the steel industry should put more emphasis on the development of hydrogen metallurgy, scrap
steel recycling short process, oxygen-rich blast furnace, steel
and chemical co-production, and waste heat and energy

utilization to achieve carbon neutrality. [1–3]. Specifically,
hydrogen metallurgy and scrap steel recycling short process
technologies will have great potential and play a major role in
carbon emission reduction.
(1) Hydrogen metallurgy technology. Hydrogen metallurgy, in which hydrogen instead of carbon is used as a reducing agent in ironmaking, provides an important direction
for the low-carbon and green development of the steel industry. Hydrogen is an excellent reducing agent and clean
fuel and can replace carbon as a reducing agent and energy
source to achieve zero CO2 emissions. Hydrogen metallurgy
includes hydrogen-enriched and hydrogen-replaced reduction processes. Due to technological and cost limitations in
large-scale hydrogen production, the hydrogen-enriched
reduction has been preferentially developed. In hydrogenenriched blast furnace ironmaking, coke oven gas or natural
gas are injected into the blast furnace, which is a feasible
technical route to transform traditional blast furnace metallurgy to hydrogen metallurgy in the near future. The CO2
Ultimate Reduction System for Cool Earth 50 (COURSE50)
project in Japan, the hydrogen reduction ironmaking process
of Pohang Iron & Steel Co Ltd (POSCO) in South Korea,
Thyssenkrupp’s hydrogen-based ironmaking project in
Germany, and Baowu’ nuclear hydrogen production project
in China all illustrate that the blast furnace ironmaking has
transformed from carbon metallurgy to hydrogen metallurgy
globally. Hydrogen direct reduction ironmaking process
(shaft furnace) has become an effective way for the green and
low-carbon development of the steel industry due to the advantages of short process, independence on coke, and low
environmental load. At present, the production of sponge iron
with natural gas, coal gas, and coke oven gas as the main

② Metallurgical Industry Energy Conservation Committee of China Energy Conservation Association, China Metallurgical Industry Planning and
Research Institute. Report on Energy Conservation and Low Carbon Development of Steel Industry in China, 2020.
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energy or reducing agent is growing rapidly. Hydrogenreplaced reduction is a carbon-free metallurgical process with
hydrogen as the sole reducing agent, which is expected to
play a leading role in the future.
(2) Scrap steel recycling short process technology. Steel
recycling is the most effective way to reduce resource consumption and carbon emissions. The short-process clean
smelting technology uses scrap steel as the raw material.
Compared with the long process (ore-based ironmaking followed by steelmaking), the short process omits blast furnace
ironmaking, coking, and pellet sintering processes with the
highest energy consumption to achieve clean and low-carbon
production. The energy consumption per ton of steel in the
short process is around 200 kg of standard coal, which is only
1/3 of the long process. Meanwhile, the short process requires
less amount of iron ore and greatly reduces the emissions of
tailings, coal slimes, dust, iron slags, wastewater, CO2, and
sulfur dioxide. In China, insufficient recycling and increasing
addition ratio in the long process have raised the market price
of scrap steel which has affected the production cost. In addition, the electricity price is generally high in China. As a
result, steel production from the short-process electric furnace accounts for only 10% in China, which is significantly
lower than the world average of 28%. The Strategy Study on
the Power of Ferrous Metal Mineral Resources released by
the Chinese Academy of Engineering suggests that the
amount of scrap steel resources will gradually increase as the
accumulation of steel in China grows. In the future, abundant
scrap steel will be available in China and the advantages of
short-process ironmaking will be obvious gradually.

1.2 Low-carbon technologies in the non-ferrous
metal industry
According to data, the output of 10 non-ferrous metals in
China is about 61.68 million tons, which accounts for around
7% of the power consumption in China. In 2020, the CO2
emissions from the non-ferrous metal industry totaled nearly
650 million tons (with 250 million tons of direct emissions)
in China. China’s alumina/aluminum electrolysis production
ranks first in the world, with the highest CO2 emissions of
500 million tons or so, accounting for 85% of the total carbon
emissions from the non-ferrous metal industry. The smelting
of copper, zinc, lead, and magnesium with relatively large
production emitted 88 million tons of CO2, which accounts
for only 14% of the total emissions from the non-ferrous
metal industry (Figure 2a). Therefore, aluminum smelting
should be paid more attention to reducing carbon emissions
in the non-ferrous metal industry.
Aluminum smelting includes the extraction of alumina
from bauxite, aluminum electrolysis, and aluminum scrap
recycling. Alumina production is dominated by the primary
energy emission from coal combustion for steam generation
in boilers. Aluminum electrolysis consumes a large amount
of electricity (about 13,500 kWh per ton of aluminum), and
aluminum recycling consumes less energy and produces a

Figure 2 Carbon emission ratio of non-ferrous metal key industries (a) and carbon emission sources of aluminum smelting
process (b)

small amount of CO2 [4] (Figure 2b). Consequently, green
electricity substitution and scrap metal recycling are the main
development directions for the non-ferrous metal industry to
conserve energy and reduce emissions. Emphasis should be
placed on developing efficient alumina extraction,
low-carbon energy-saving aluminum electrolysis, aluminum
recycling, and low-carbon smelting technologies for other
metals.
(1) Sub-molten salt method for clean production of alumina. The sub-molten salt method is an efficient and clean
process for alumina production. The bauxite in China is
mostly diaspore which is extracted by the Bayer process with
high roasting temperature and low yield [5]. The potassium
sub-molten salt method can lower the reaction temperature
and improve the biological activity of red mud due to its high
reactivity as a medium, which allows the full utilization of
red mud. With this method, the reaction temperature can be
lowered to 220 °C in both stages, with carbon emission reduction ≥ 20%.
(2) Low-carbon energy-saving technology for aluminum
electrolysis. Aluminum electrolysis is the key process for the
aluminum smelting industry to reduce carbon emissions, and
the proportion of green electricity can be enhanced during the
electrolytic process. Low-temperature aluminum electrolysis
technology can be developed to reduce energy consumption [6, 7].
In addition, consumable carbon anodes are used in conventional aluminum electrolytic cells, and the consumed carbon is
emitted in the form of CO2. Inert anode aluminum electrolysis
may be used to achieve near-zero CO2 emissions [8].
(3) Recycled aluminum recycling technology. The production capacity of aluminum electrolysis in China is
reaching the upper limit of 45 million tons, and thus the
aluminum recycling technology will play a leading role in
carbon emission reduction in the aluminum industry. At
present, recycled aluminum is rarely used for the same purpose as before but is mostly degraded as cast aluminum alloys. Aluminum scraps can be processed by pretreatment,
smelting, and casting and then become aluminum alloys
(recycled aluminum) which will be refined to obtain pure
aluminum. Among the commonly used aluminum refining
methods, low-temperature electrolyte electrolysis consumes
low energy, and research has focused on the low-temperature
molten salt system and ionic liquid system.
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(4) Biological copper smelting and other low-carbon
technologies. Low-carbon smelting technologies for
non-ferrous metals except for aluminum also provide a research direction for carbon reduction in the non-ferrous metal
industry. In view of the poor quality and low grade of copper
resources in China, the investment and operation cost can be
significantly reduced by heap bioleaching, and carbon emissions can be reduced by about 50%, so as to ensure the green
and low-carbon utilization of low-grade copper ore [9]. Research and development should focus on low-carbon and
clean extraction technologies for non-ferrous metals such as
nickel, cobalt, manganese, vanadium, and titanium used in
the new energy industry. Priority should be given to the extraction of vanadium and chromium from chromite and vanadium slag by alkaline liquid phase oxidation [10], extraction
of nickel, cobalt, and lithium from lateritic nickel ore and
retired ternary lithium batteries by atmospheric leaching [11],
and rapid reduction of manganese ore in a fluidized bed.

1.3 Low-carbon technologies in the chemical
industry
The chemical industry serves as a key area of carbon reduction. In 2020, chemical industries consumed around 300
million tons of standard coal and emitted 1 billion tons of
CO2 or so. Specifically, petroleum and coal chemical industries accounted for about 35% and 54%, respectively. For the
petrochemical industry, the total crude oil consumption in
China was around 660 million tons in 2020 [12]. Of these,
about 1.15 billion tons of CO2 were from the final consumption of refined products such as gasoline, diesel, and kerosene, and nearly 350 million tons were from chemical
production (Figure 3).

Figure 3

Distribution of CO2 emissions in the chemical industry

With the rapid development of new energy vehicles, petroleum will be mainly used to produce chemicals and new
materials. The transformation of the petroleum consumption
structure will inevitably lead to the structural adjustment and

technical upgrading of the petrochemical industry. In addition, the low-carbon development of the entire chemical
industry will focus on the adjustment of raw materials/product structures, process technology improvement, and
green energy substitution. Breakthroughs are needed in key
technologies such as the catalytic cracking of crude oil for
multiple chemicals, coal-oil co-processing for olefin/aromatic production, electrocatalytic synthesis of ammonia/urea, and advanced low-energy separation.
(1) Catalytic cracking of crude oil to produce multiple
chemicals. This technology directly converts crude oil to
olefins and aromatics, and the yield can be increased from
15%–20% in conventional refining to 70%–80%. This
technology revolutionizes the traditional integrated refining/petrochemical processes and maximizes the use of crude
oil. It can be integrated with renewable energy sources such
as green electricity/green hydrogen to significantly reduce
carbon emissions, which will be the main development direction of the petrochemical industry. The representative
technologies include those developed by ExxonMobil and
Saudi Aramco. The ExxonMobil technology involves direct
steam cracking of Brent crude oil to produce ethylene, propylene, and butadiene as well as benzene, toluene, and xylene, with a yield greater than 60%. In Saudi Aramco
technology, hydrocracking, steam cracking, and deep catalytic cracking are integrated to directly process Arabian light
crude oil, with a yield of nearly 50% [13]. Related research has
been conducted in large Chinese enterprises such as CNPC
Research Institute of Petrochemical and SINOPEC Research
Institute of Petroleum Processing, as well as in research institutions such as the Institute of Process Engineering, Chinese Academy of Sciences and China University of
Petroleum (East China). At present, the technology urgently
needs solutions to key scientific and technological problems
such as carbon accumulation and deactivation of catalysts,
gradient distribution of temperature in fluidized bed reactors,
imprecise control of cracking products, and optimization and
integration of renewable energy sources such as green power/green hydrogen. The industrialization of this technology
will greatly change the competition pattern of global petrochemical industries.
(2) Coal-oil co-processing for olefin/aromatic production.
This is a typical technology that integrates coal chemical and
petrochemical industries, and the platform products from
both industries can be directly used for the coupled production of olefins and aromatics. Coal chemical platform products such as methanol and syngas are short-chain carbon
molecules, while petrochemical platform products such as
naphtha are long-chain carbon molecules. The coupling of
these two types of molecules can substantially improve
atomic utilization and energy efficiency. The theoretical feasibility and technological advancement of this technology
have been confirmed [14]. Representative coal-oil
co-processing technologies include methanol-naphtha coupling for olefin and methanol-toluene coupling for p-xylene.
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The key scientific and technical issues to be addressed involve two aspects. One refers to the design of high- performance catalysts for breaking mass diffusion limitation,
modulating activity, and achieving the highly selective synthesis of chemicals such as olefins/aromatics, and the other
considers the new fluidization processes for making full use
of the advantages of in-situ coupling of reactions and significantly improving raw material and energy utilization.
(3) Electrocatalytic synthesis of ammonia/urea. This
technology can be divided into the hydrogen from electrolysis of water coupled with ammonia/urea synthesis and direct
electrocatalysis of nitrogen for ammonia/urea synthesis. The
former method produces green hydrogen and nitrogen by the
electrolysis of water and air separation, respectively, and it
achieves ammonia and urea synthesis by the Haber process,
which avoids high CO2 emissions (75% of the total emissions) from hydrogen production in the traditional ammonia
synthesis process and has been well established. The technology is expected to replace the traditional methane reforming/hydrogen from coal gasification–Haber process for
ammonia synthesis [15]. The cost of this method is closely
related to the price of electricity and hydrogen production,
and its commercialization can be greatly advanced by the
promotion of large-scale and low-cost hydrogen production
and renewable electricity. Another transformative method of
ammonia/urea synthesis is the direct electrocatalysis of nitrogen for ammonia/urea synthesis, and it achieves the direct
synthesis of ammonia by reaction of water with nitrogen and
the direct synthesis of urea by reaction of water with nitrogen
and CO2, both driven by electric power. However, this
method is still in the stage of development, with a Faraday
efficiency of 60% or so and a low ammonia production rate.
Its successful development is of epoch-making significance
to the ammonia/urea synthesis industry [16].
(4) Advanced low-energy separation. Separation is an
important process in the chemical industry. Advanced
low-energy separation not only saves energy and reduces
pollution and CO2 emissions but also provides new approaches to obtaining critical resources. Ionic liquid- enhanced separation and membrane separation are typical in
this regard. The ionic liquid is a new green medium with
extremely low volatility and can eliminate the secondary
pollution caused by the volatilization of traditional organic
absorbents from the source and significantly reduce energy
consumption. Moreover, the designed structure of ionic liquid can form hydrogen bonds, coordination bonds, and
chemical bonds with gas molecules such as ammonia and
CO2, which allows the selective identification of target
molecules, with high absorption capacity and selectivity and
offers opportunities for the innovation of transformative gas
separation technologies. the membrane separation is driven
by pressure and does not require phase transition. Compared
with traditional gas separation technologies such as cryogenic

distillation and pressure swing adsorption, the membrane
separation can save 70–90% of energy. In addition, it revolutionizes the traditional gas separation process in the
chemical industry and is widely used in CO2 capture and
natural gas decarbonization, and thus serves as a key development direction of separation technologies in crude oil and
energy chemical industries.

1.4 Low-carbon technologies in the building material industry
In 2020, the total output of building material industries
was around 2.5 billion tons in China, with carbon emissions
totaling about 1.65 billion tons, and specifically, 1.48 billion
tons or so were from direct emissions (excluding indirect
③
emissions from electricity consumption) . As shown in
Figure 4, the cement industry emitted about 1.23 billion tons
of CO2, which accounted for 83% of the total emissions from
the building material industry in China, and thus the cement
industry is the key and challenging area of emission reduction. With the social development and gradual improvement
of urbanization and infrastructure, the demand for building
materials such as cement will decrease. However, the
achievement of carbon neutrality in the building material
industry depends mostly on continuous technological innovation and equipment improvement.

Figure 4 Carbon emission distribution of building materials in
China (a) and carbon emission sources of cement industry production processes (b)

The main sources of CO2 emissions in the building material industry include fuel combustion and raw material decomposition in the production process, and thus innovative
technologies associated with raw materials, fuels, and production processes are required. Some technologies have been
well established and will be further promoted and applied,
such as efficient cooling/grinding and low-temperature waste
heat power generation. Some technologies are in the stage of
development and demonstration, such as fuel substitution,

③ China Building Materials Federation. Report on Carbon Emissions from Building Material Industry in China (2020). 2021-03-24.
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raw material substitution, and novel clinker production systems. Some technologies are still in the stage of preliminary
research and need to be improved, such as new energy (including green hydrogen, photovoltaics, and microwave) for
cement calcination, low-carbon cement, and cement carbon
sequestration. These technologies will be important tools to
achieve carbon neutrality in the building material industry.
Breakthroughs in raw material substitution and low-carbon
cement are recognized as the key to the development of
low-carbon building materials.
(1) Raw material substitution. Carbide slags, fly ashes,
steel slags, and calcium silicate slags can replace limestones
as raw materials for cement production, thereby reducing
CO2 emissions during the calcination. The fly ash accumulated in China was reported to be 3 billion tons in 2020 [17],
occupying a large number of lands and seriously polluting the
environment. Meanwhile, more than 2 billion tons of natural
mineral raw materials were consumed annually for cement
production in China. Therefore, the use of industrial slag as
an alternative raw material is an important way for the cement industry to deal with industrial solid wastes and reduce
natural mineral consumption and CO2 emissions. In recent
years, Germany, France, and Switzerland have confirmed
through experimental research and engineering practices that
mixed materials can be further processed, and their cementing activity can be improved to partly replace clinkers. For
example, compared with ordinary silicate cement clinker,
cement clinker from carbide slags can significantly lower
CO2 emissions. Such technologies include wet grinding plus
dry burning, pre-drying plus dry grinding and dry burning,
and hot material mixing plus dry grinding and dry burning.
(2) Low-carbon cement. Low-carbon cement technologies
are different from the commonly used silicate cement technologies. Studies have shown that high-belite cement and
sulfur (iron) aluminate cement with low carbon-content
tricalcium disilicate, wollastonite, and calcium sulphosilicate
as primary mineral phases have lowered CO2 emissions
during the production. The calcium oxide content of ordinary
silicate cement clinkers is up to 65% while that of high-belite
cement is 55%, and carbon emissions can be reduced by more
than 10%. The calcium oxide content of sulfur (iron) aluminate cement clinkers is only 35%, and carbon emissions can
be reduced by 30%–40%. Meanwhile, research on negativecarbon cement with CO2 as a carbon source has been reported [18, 19]. It is believed that some new technologies for
the production of low-carbon and negative-carbon cement
will be developed and applied in the near future to further
accelerate carbon neutrality in the cement industry in China.

2 Coupling and integration of different industries for carbon reduction
In addition to the technological revolution in industries of

steel, non-ferrous metal, chemical, and building material
production, industrial coupling for carbon reduction, industrial integration, mutual complementation, and coordinated
development are indispensable for achieving industrial carbon neutrality. As shown in Figure 5, hydrogen as a byproduct of the chemical industry can be used as the energy
source or raw material for hydrogen metallurgy in the steel
industry, and methane or dry gas as byproducts of the chemical industry can be used as a fuel for calcination of building
materials such as cement. Syngas generated from methane
can be used by the building material industry to produce bulk
chemicals or materials with the chemical industry. The exhaust gases generated in furnaces in the steel industry can be
used to produce alcohol, ether, and other chemical products.
Coal chemical and petrochemical waste residues such as
asphalt and petroleum coke can be used as anode materials in
the non-ferrous metal industry. Industrial solid wastes such as
slags from the steel industry, red muds from the non-ferrous
metal industry, and carbide slags from the chemical industry
can be used as raw materials for the production of building
materials such as cement. The residual heat and energy from
steel, building material, and chemical industries can be used
for mutual heating or low-temperature power generation.
Therefore, these methods can not only reduce carbon emissions but also contribute to waste reduction and high benefits
by promoting the material and energy cycling between different industries.

Figure 5

The coordination and coupling between industries

The coordination and coupling between industries do not
only involve collaboration between two or three factories. On
the one hand, it is necessary to select several industrial clusters for low-carbon industrial park demonstration, such as
Daya Bay Petrochemical Park, Northeast Hebei Steel and
Building Material Park, and West Panzhihua Strategic Resource Innovation and Development Pilot Zone. On the other
hand, theories and methods of green system integration
should be developed. Our research group previously proposed the green degree method [20] which allows the quantitative evaluation of green materials, energy and material
flows, units, and industrial parks. For chemical processes that
involve the carbon capture, such as coal-to-oil [21], biomass
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gasification and chemical synthesis [22], CO2-based carbonate
ester synthesis [23], and carbon monoxide and methanol synthesis by electrochemical reduction of CO2 [24], green degree
analysis and economic-technical evaluation provide a
roadmap for the development of new technologies in these
systems. Furthermore, the green degree can be combined
with ecological indices and carbon footprint, so as to provide
a reasonable methodology for evaluating the process and
system of carbon neutrality.

3 Digitalization and intellectualization in the
achievement of low-carbon industries
The research and development of process technologies are
characterized by the long period, high cost and risk, and low
efficiency. The contradiction between the tedious scaling-up
process and the huge demand for process reconstruction is a
major bottleneck in achieving the 30–60 goals.
The development of computational simulation and computer technology provides a new way to deal with this challenge. In other words, virtual experiments are carried out on
computers by using existing theories, experiences, and data.
At present, industrial intellectualization has raised competition between major countries. The strategy of Industry 4.0
proposed by Germany focuses on the digital twin. The concept of meta-universe proposed by the United States may
trigger significant changes in industrial and social operation
models. These changes urgently require support from
high-precision and high-efficiency computational simulation.
However, traditional computational simulations mainly reproduce the operation of a factory at the overall equipment
and process levels, and they usually adopt data correlation
models rather than mechanistic prediction models, which
results in limited optimization of design and operation.
Nevertheless, in-depth and accurate theoretical models will
be accompanied by the seriously limited scale and extended
running time of computational simulation, and thus most of
them can only be used for simple local or unit processes.
The difficulty in the computational simulation’s application in the process development mostly stems from the
complexity of practical industrial processes, which is highlighted by the lack of rational understanding, quantitative
analysis, and prediction of multi-level and multi-scale
structures from atoms to ecosystems [25, 26]. In particular, the
complexity is obvious due to the complex dynamic structures
that appear on the characteristic scale (i.e., mesoscale) between the unit and system scales (i.e., boundary scales) at
various levels. The Institute of Process Engineering, Chinese
Academy of Sciences first systematically described the importance of mesoscale structure to computational simulation
of the process, put forward related research methods, and
developed the mesoscience [27]. The multiscale computational
paradigm based on the mesoscience maintains the logical and

structural consistency of problems, models, software, and
hardware [28, 29] and allows efficient and high-precision process simulation, which makes virtual factory possible [30].
A virtual factory is a mechanistic digital twin of an actual
factory and in a sense the meta-universe of industrial processes. Virtual factory integrates cutting-edge technologies
such as in situ online high-precision non-invasive measurement, high-precision real-time simulation and data processing based on supercomputing, process analysis and
regulation based on artificial intelligence, and visualization
and human-computer interaction based on virtual reality, and
it also overcomes the limitations of traditional simulation in
terms of universality, predictability, optimization, and timeliness. In the development of new processes, this technology
can be used to interactively explore the advantages and disadvantages of different processes, equipment, and procedure
designs through the virtual operation. The design can be
improved accordingly to review and analyze the performance. For existing factories, a fully transparent display of
internal processes can be achieved to optimize operating
parameters and processes and guide the factory modification.
In addition, the virtual factory can play unique roles in education, science popularization, employee training, as well as
pre-warning, rehearsal, analysis, handling, and prevention of
accidents.
In terms of traditional computational simulation, China’s
process industry still relies on foreign software and databases
for engineering design and optimization, which poses a significant risk of being strangled in the key areas of process
equipment development and system operation/control.
Moreover, foreign software packages are generally incapable
of accurately describing mesoscale structures and dealing
with complex systems coupled at multiple scales. Therefore,
we should make full use of our advantages in the basic research of the mesoscience, actively develop mesosciencebased virtual factory technologies, and establish corresponding software and hardware systems, so as to provide a
valuable opportunity for removing the risk and achieving the
leaping development of computational simulation.
Considering the national demands for high-efficiency,
low-carbon, and green reconstruction of the process industry,
we should develop low-carbon, multi-process, and coupled
technologies based on the virtual factory and establish a
cross-industry comprehensive optimization platform based
on the virtual factory (Figure 6). On the one hand, research
should be conducted on the overall framework, core algorithms, and basic databases for software for simulating the
processes from quantum mechanics to reactive molecular
dynamics, from microelement transfer and reaction processes
to multiphase complex systems, and from unit processes to
complex flow networks. We should also improve simulation
optimization and prediction theory, and take a lead in the
international process engineering disciplines. On the other
hand, with the development of chips and high-performance
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Figure 6

Virtual factory platform of low-carbon multi-process coupling

computing systems in China, we should establish new models
and systems of simulation optimization suitable for the virtual factory through the co-design of hardware and software
and work closely with the software and information industry
to commercialize and substantiate a multi-process coupled
optimization system for energy production regulation and
low-carbon process reconstruction. In addition, the system
can be applied in high-carbon industries such as steel,
non-ferrous metal, chemical, and building material production to promote their zero-carbon/low-carbon reconstruction.

4
4.1

Suggestions and prospects
Suggestions

Combining with the overall goal and stage-specific tasks
of carbon neutrality in China and focusing on the paths to
achieve the 30–60 goals, here we propose four suggestions in
terms of policy, technology, system, and layout.
(1) Strengthening strategic research, making overall
planning, and formulating incentive policies for low-carbon
industrial development. Industrial carbon neutrality is characterized by the interdisciplinary intersection. Therefore, it is
necessary to organize a team of experts from different disciplines and departments for strategic research, top-level design, and systematic planning. Strategic research should be
transformed into strategic planning which will become
guiding and encouraging policies, and then deployment
should be conducted in an orderly manner.
(2) Advancing theoretical innovation and basic research,
identifying the key green and low-carbon transformative
technologies, and creating a roadmap for technological development. On the one hand, we should develop key
low-carbon technologies in the steel, non-ferrous metal,
chemical, and building material industries. On the other hand,
roadmaps for technological short-term, medium-term, and
long-term development should be created based on the
cross-industry low-carbon coupling/integration technologies.

Most important of all, we should identify common theories and
key technical challenges in the industrial process, strengthen
theoretical innovation and original technology development
(especially mesoscience theories and methods), and develop
the virtual process and industrial design software.
(3) Innovating the system and mechanism of industryuniversity-research cooperation and speeding up the industrial application of new technologies. New technologies can
reduce carbon emissions only after their commercial application. To better promote the implementation of innovative
technologies, we need to innovate the system and mechanism
of industry-university-research cooperation and jointly build
a large platform for innovation in green, low-carbon, and
intelligent manufacturing of science, education, and production. We can establish several pilot bases and low-carbon
industrial demonstration zones and build a complete technological innovation chain and industrial chain to accelerate
the transfer and transformation of scientific and technical
achievements.
(4) Emphasizing the balance between the orderly development of industrial carbon reduction and high-quality economic development. Carbon neutrality can only be achieved
in a stepwise manner, and China is a large country with distinctive resources and industrial structures in different industries and regions. Moreover, energy is supplied across
regions, and carbon emissions face unsolved issues involving
mutual transfer, boundary definition, and accurate accounting. Therefore, a joint national effort is needed to formulate a
systematic plan which should be implemented in an orderly
manner, so as to strike a balance between carbon reduction
and high-quality economic development.

4.2 Prospects
Industrial carbon neutrality not only involves industrial
transformation and upgrading but will also reshape industrial
production and human lifestyle, and thus it should be interpreted dialectically from the view of history and development
(Figure 7).
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Figure 7

Past, present, and future scenarios of carbon balance

In ancient times, the utilization rate of renewable energy
reached 100%, which indicates a natural state of carbon
balance. Since the industrial revolution, the utilization rate of
fossil energy has increased rapidly, which results in an imbalance between carbon emissions and natural sequestration.
If the utilization rate of fossil energy reaches 100%, the imbalance will become increasingly severe. The current utilization rate of renewable energy is about 20% as humans still
depend on fossil energy, and there is still a long way from
being carbon neutral. In the future, when the utilization rate
of renewable energy reaches a certain level (e.g., 80%), a
dynamic balance between carbon emissions and natural sequestration can be achieved. Ideally, the utilization rate of
renewable energy will return to 100% to realize natural carbon neutrality. However, the process is not easy, and a series
of major challenges need to be addressed. The future society
is very different from ancient communities, and people have
different lifestyles. Therefore, it is unlikely for us to work at
sunrise and rest at sunset and use firewood in daily life as in
the past. Much more energy is needed and the way of energy
supply is much more demanding. As a result, fundamental
changes are needed in renewable energy production and
consumption technologies, and energy should be intelligent,
digital, and webified, so as to meet the needs of high-quality
life, and this is the common goal of humanity.
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